Abstract: Ultra-thin Hf1-xZrxO2 films have attracted tremendous interest owing to their Sicompatible ferroelectricity arising from polar polymorphs. While these phases have been grown on Si as polycrystalline films, epitaxial growth was only achieved on non-Si substrates. Here we report direct epitaxy of polar phases on Si using pulsed laser deposition enabled via in situ scavenging of the native a-SiOx under ballistic conditions. On Si (111), polar rhombohedral (r)-phase and bulk monoclinic (m-) phase coexist, with the volume of the former increasing with increasing Zr concentration. R-phase is stabilized in the regions with a direct connection between the substrate and the film through the compressive strain provided by an interfacial crystalline c-SiO2 layer., The film relaxes to a bulk m-phase in regions where a-SiOx regrows.
buffered Si (100) substrates are commonly used for the growth of high-Tc superconductors and other functional layers [55] [56] [57] [58] [59] . The problem of native oxide in YSZ on Si is solved via an in situ scavenging process through Zr (Y), because the formation energy of ZrO2 (Y2O3) is less than that of SiO2. 50, 57, 60 . In other words, one (or both) of the following decomposition chemical reactions takes place during the initial stages of YSZ growth enabling a transfer of substrate texture.
SiO2 + Zr → Si + ZrO2 (1) 2 SiO2+ Zr → ZrO2 + 2SiO↑ (2) The rest of the YSZ growth follows the template set by the crystalline ZrO2 seed, formed as a result of scavenging the native amorphous oxide, resulting in a very high crystalline quality.
Strain relaxation of thicker layers of YSZ happens via the regrowth of the a-SiO2 oxide (backward reactions 1 and 2, upon increasing the amount of product), and through other standard epitaxial relaxation processes such as generation of misfit dislocations. Inspired by the success of direct epitaxy of a sister compound YSZ on Si, here we report successful growth of epitaxial polar phases of HfO2-ZrO2 alloys directly on Si (111) and Si (100).
Experimental Methods:
PLD was used for the deposition of HZO (x) with x=0.5, 0.7 and 0.85 on p-doped Si (111) (resistivity < 0.005 Ω cm), and Si (100) (resistivity < 0.03 Ω cm). Targets of the desired compositions (x=0.5, 0.7, 0.85) were prepared through standard solid-state synthesis starting from powders of HfO2 (99% purity) and ZrO2 (99.5 % purity). A KrF excimer laser (λ=248 nm) was used for target ablation at a fluence of 1.1 J cm -2 . A base pressure of 10 -7 torr was maintained in the deposition chamber. Target to substrate distance was fixed at 50 mm. HZO layers were deposited at 800 o C with the flow of Ar carrier gas (5 sccm) at a process pressure of 0.005 mbar and laser repetition rate of 7 Hz.
The choice of target-substrate distance, as well as the low pressure conditions, ensured a ballistic mode of deposition, preventing the oxidation of atomic species (Hf, Zr ions) in the plasma itself. It is indeed crucial for the interfacial scavenging reactions that species transported to the substrate are Hf, Zr and O ions with no ionized HfO2 and ZrO2 present in the plasma. The 7 Hz repetition rate favors nucleation-dominated kinetics, or in this case, the occurrence of interfacial scavenging at multiple locations, and thus the generation of several (Hf)ZrO2 seeds or growth templates.
On Si(111), HZO (x) films of 10 nm thickness with three different compositions (x=0.5, 0.7, 0.85) were deposited, at a growth rate of 0.7 Å/sec. On Si(100), films of 5, 10 and 20 nm were deposited with composition x=0.7, at a growth rate of 0.9 Å/sec. Thickness was confirmed from both Scanning Transmission Electron Microscopy (STEM) and x-ray reflectivity measurements. Information about global structure, symmetry, phase-mixing and domains was inferred from x-ray diffraction (XRD) with a Cu Kα source. Texture analysis was performed via χ-φ (pole figure) scans at 2θ≈30.0 o (approximately corresponding to the d{111} of the lowvolume phases) and at 2θ≈34.5 o (approximately corresponding to the d{200} of all the polymorphs). The d-spacings of the poles obtained from the χ-φ stereographic projections were more precisely analysed through θ-2θ scans around them, which from here on will be referred to as 'pole-slicing'.
Local structural characterization and phase analysis was performed through STEM imaging at 200 kV (Titan G2 and Themis). STEM images were obtained in both high-angle annular dark field (HAADF) mode, and bright-field (BF) mode. Chemical maps were generated via energy dispersive spectroscopy (EDS) in a four detector ChemiSTEM set-up on the Titan G2 aberration-corrected electron microscope. Phase coexistence and evidence of r-phase: On the films with x=0.5, the pole slicing across P1 to P3 clearly shows two peaks at every pole centered with 2θ=28.5 o and 31.4 o (Fig.   1b ), corresponding to d{111} and d{11-1} of the bulk m-phase. With the increase of Zr concentration to x=0.7 (arrow in Fig. 1c ), a peak corresponding to a low-volume phase starts to appear at 2θ=30.23 o , with the majority phase still being monoclinic. A further increase in Zr concentration changes the predominant phase of the film to this low volume phase, with very minor fraction in the m-phase (Fig. 1d) . To determine the symmetry of the low-volume phase for the films with x=0.85, a three peak Gaussian fitting was performed to the pole-slicing plots from P1, P2 and P3 between 2θ of 27 o and 33 o , ( Supplementary Fig. S1b ). The peak position representing the low-volume phase is at 2θ=30.24±0.03º for P1, P2 and P3 whereas the out-ofplane peak is at 2θ=30.12±0.04º (see Fig. 2a Supplementary Fig. S3 ).
HAADF-STEM images acquired on cross-sectional samples of films with x=0.5 clearly
show that the entire film is in the monoclinic (non-polar) phase, consistent with the XRD data.
EDS analysis shows a contiguous layer of amorphous a-SiOx of ~0.5 to 1 nm between Si and the HZO layer ( Supplementary Fig. S4 ). This is a reformed oxide layer, a result of the backward reaction upon increasing the product concentration in the scavenging chemical reactions 1 and 2. With Zr concentration increased to x=0.7, this a-SiOx layer exists in some regions, but is absent in some other regions (Fig. 2c) , a clear testimony to the better scavenging properties of Zr ions compared to Hf ions. Very interestingly, upon analyzing the d{111} lattice parameters, we find that the film just above the regions with the a-SiOx layer displays a monoclinic nonpolar phase (d{11-1}≈2.82 Å, d{111}≈3.13 Å), while the film directly in contact with Si substrate is in the low volume phase (Fig. 2c , zoomed in Fig. 2d ). HAADF-STEM multislice image (200 KV) simulations (Fig. 2e ) obtained from the rhombohedral (R3) phase (cross-sectional sample thickness of ~20 nm), among all the other polymorphs, show the closest resemblance to our images. In particular, the alternating intensity of the cationic columns along the <112> direction is a distinct feature of the rhombohedral polar phases (both R3 and R3m), which can be seen in our experimental images ( Fig. 2d and 2f ).
Interfacial phase, and epitaxy: At the interface between Si and r-phase HZO, we observe at least two monolayers of crystalline phase, which is different from both the Si and HZO structures, as shown in the bright field STEM image in Fig. 3a (contrast digitally inverted).
This is most likely a crystalline, tridymite or β-cristobalite, phase of SiO2, which has been studied in detail at the Si/a-SiOx interfaces, and is well-known to induce epitaxy between Si and YSZ layers 50,61-63 . In Fig. 3b , we propose a rough schematic for epitaxy, based on (Fig. 4d) . These satellites hint of domains/grains where the {100} planes are misoriented with respect to Si (100) surface. As the thickness of the film increases to 20 nm (Fig. 4e,f) , poles from these misoriented grains become the most intense and the signal from the domains with {100}//Si (100) domains almost disappears.
Phase coexistence, domains and accordions:
To further learn about the lattice parameters and global symmetries, pole-slicing was performed across each of these pole figures. Here we discuss the results from 10 nm films on Si (100), which include all the features of both the 5 nm and the 20 nm films. Around the {111} pole (zoomed in view in Fig. 5a ), when aligned perfectly either at χ≈53 o (pixel 1 (black) in Fig. 5a ), or at the most intense spot of the satellites (χ≈58 o , grey pixels 10 and 11 in Fig. 5a ), pole-slicing clearly shows two distinct peaks centered at 2θ=28.5 o and 31.5 o (Fig. 5b ). This is a signature of the monoclinic phase, and its corresponding domain structure. In particular, the monoclinic domains that give rise to these
Bragg peaks (at χ and φ of the pixels 1, 10 and 11 in and related text).
When pole slicing is performed at χ values in between the black and grey pixels (purposely "misaligned") in Fig. 5a (pixels 4,5 (red) and 3,4 (orange) pixels), we find the emergence of a third peak at 2θ≈30.2 o in addition to the two monoclinic {111} peaks (Fig. 5b) .
This corresponds to a low-volume minor phase that coexists with the major bulk-monoclinic phase.
Overview cross-sectional HAADF-STEM image acquired along the [010] zone ( Fig.   6a ) on the 10 nm thick film clearly shows an accordion-like domain morphology. Upon further zooming in (blue box in Fig. 6a) , we see the domains that contribute to the zig-zag pattern correspond very well to the monoclinic symmetry (HAADF-STEM simulation in Fig. 6b ). The monoclinic angle (β) varies between 81 o and 85 o across various domains. This variation is indeed reflected as the spread of the satellite spots about χ=8 o in the {001} pole figure (Fig. 4d) .
Intersection of two domains with positive and negative misorientation (9 and -9 o in Fig. 6b Fig. S7 ).
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The region enclosed in red in Fig. 6a , when zoomed and further analysed is consistent with our HAADF-STEM simulations from an orthorhombic crystal (Fig. 6c) , and not the other low-volume polymorphs (simulations of various polymorphs are compared in Supplementary   Fig.S8 ). Interplanar (d) spacings for various crystallographic planes obtained from the HAADF-STEM image Fourier transform (Fig. 6c) , match very well with o-phase bulk lattice parameters 64 . (Fig. 5c) , a low-volume o-phase, the commonly occurring low-energy ferroelectric phase in polycrystalline thin films, is also present in these films.
Interface and epitaxy: From EDS chemical maps (Fig. 7a) and Wiener filtered HAADF-STEM images (Fig. 7b) at the interface between HZO and Si (100), it is quite clear that a contiguous layer of <1 nm regrown a-SiOx exists. Furthermore, there also seems to be an interface c-SiO2 (β-cristobalite, most likely) structure between Si(100) and the a-SiOx, which 
Conclusions:
(1-x)HfO2-(x)ZrO2 (HZO) with various compositions in the range 0.5< x< 0.85 were grown epitaxially on Si(111) and Si(100), without using buffer layers, using PLD. In situ scavenging of the native oxide using decomposition reactions plays a crucial role in achieving epitaxy directly on Si. On both these substrates, an interfacial phase of c-SiO2 (most likely β- 
